Abstract Backscatter data from an acoustic Doppler current profiler are analyzed to provide simultaneous estimates of relative concentration of Daphnia and relative abundance of young-of-the-year perch in the vicinity of an artificial reef in the littoral zone of Lake Constance. These long-term (3 months) and highresolution (1 h) observations demonstrate the existence of opposing diel migration patterns in fish and zooplankton. According to the data, the migration pattern constrains feeding of young-of-the-year fish on vertically migrating zooplankton to a few hours around sunrise and sunset. Temperature recorded simultaneously with the backscatter signal indicates that the diurnal activity pattern and the vertical distribution of the fish are not affected by strong temperature fluctuations generated by high-frequency internal wave motions. The abrupt decline of internal wave activity following a storm-induced deepening of the surface mixed layer, however, seems to be a trigger for changes in the diurnal activity and hence the intensity of predator-prey interactions.
Introduction
Understanding the temporal and the spatial dynamics of predator-prey interactions is one of the most important goals in aquatic ecology. The study of this rather complex dynamics, however, is often complicated by the heterogeneous distributions of predators and prey. The heterogeneous distribution of organisms is not only the result of external forcing parameters, such as physical factors or nutrient availability (see PinelAlloul (1995) , Folt and Burns (1999) , and Martin (2003) for recent reviews), but also the result of specific migration patterns. Diel vertical migration of zooplankton is a well-known phenomenon in lakes as well as in the ocean and is generally believed to be the result of a compromise between food availability for feeding and predator avoidance (Stich & Lampert, 1981; Gliwicz, 1986; Lampert, 1993) . The same reason is believed to trigger potential diel horizontal migration of zooplankton between the littoral and the pelagic zone in lakes (Davies, 1985; White, 1998; Burks et al., 2002) .
Not only zooplankton but also fish as their main predators are looking for the same compromise between feeding and predatory pressure and were observed to perform diel migration (Wang & Eckmann, 1994; Imbrock et al., 1996; Järvalt et al., 2005) . In juvenile fish, in particular, this diurnal migration can be superimposed on a longer-term ontogenetic habitat shift. Long-and short-term migration patterns of fish and zooplankton affect their encounter rate and thus are crucial for an Although such migration patterns and their determinants were studied in great detail for many different species and in a great variety of aquatic systems, combined observations of the spatio-temporal distributions of fish and zooplankton are rare (e.g., Ruiz et al., 1993; Hülsmann et al., 1999; Masson et al., 2001; Romare et al., 2003) and often limited by a rather coarse resolution. Such combined observations, however, are indispensable for an assessment of predator-prey interactions if both, predator and prey perform diel and potentially opposing migrations. Ongoing changes in trophic interactions in numerous large lakes, which are associated with re-oligotrophication, with the invasion of new species, or with a changing climate, provide a current need for studying predator-prey interactions under in-situ conditions.
In this article, we present acoustic observations of zooplankton and fish from the transition zone between the littoral and the pelagic zone of Lake Constance. The differential processing applied to acoustic backscatter data allows for simultaneous observations of zooplankton and fish concentration changes with a very high temporal resolution. Although the observations do not provide direct estimates of abundance or biomass, they can be used to investigate the spatial and temporal dynamics of zooplankton and fish distributions as well as their interactions, either by combining the observations with conventional sampling techniques, or by relating the observations to well-studied ecosystem characteristics. In this study, we will proceed along the latter way. The observations cover a period of about three months while providing a temporal resolution of one hour. Besides the temporal dynamics of predator (mainly young-of-the-year perch) and prey (mainly daphnids) concentrations, special emphasis was put on the impact of temperature fluctuations caused by high-frequency internal waves at the depth of the thermocline on the respective distribution dynamics.
Measurements and analyses
Study site and measurements Lake Constance (47°N, 9°E) is the second largest pre-alpine lake in Europe. It is a monomictic lake with a surface area of 536 km 2 and a maximum depth of 254 m, which is now in a phase of re-oligotrophication after it became eutrophic during the 1980s (Gaedke, 1998) .
The littoral zone, i.e., the zone that extends from the shoreline to the depth where sufficient light for plant growth reaches the bottom, comprises about 10% of the total surface area of Lake Constance. In order to concentrate fishes for commercial and sport fishing activities, artificial habitat structures are introduced at various locations in the littoral around the lake (Löffler, 1997) . These structures are made of brushwood and boughs and have typical side lengths of about 10 m (Fig. 1) . Such artificial reefs are not uncommon in lakes (Prince & Maughan, 1978; Bassett, 1994; Rogers & Bergersen, 1999) , because they provide a complex habitat structure, which is used especially by small fish as a shelter for lowering their predation risk. Our study is based on measurements in the vicinity of an artificial reef, which is located nearby the Island of Mainau, at the southwestern shore of Lake Constance.
A 500 kHz acoustic Doppler current profiler (NDP, NORTEK AS) was deployed upward-looking on a bottom-resting tripod at a depth of 12 m, about 4 m in front of the artificial reef (Fig. 1) . The NDP has three acoustic beams pointing into different directions which are inclined to the vertical by 20° ( Lorke & Wüest, 2005) . The instrument was set up to measure the three-dimensional current velocity and the received acoustic echo intensity from 64 depth cells with a vertical resolution (depth cell size) of 0.13 m, resolving a range from 11.2 to 3 m depth. Depth cells (or bins) are uniform vertical segments of the NDPs profiling range over which the velocity and backscatter data are averaged. The lowest 10 depth cells, however, were excluded from the subsequent analysis because of potential contamination of the measured echo intensity by ringing effects in the near-field of the acoustic transducers. The sampling frequency was set to 1 Hz and the instrument was deployed from August 18 until November 7, 2005. Failures in data recording resulted in two major data gaps of 8 and 3 consecutive days, respectively.
Six individual temperature loggers (TR-1050, RBR Ltd.) were deployed at 2, 4, 6, 8, 10, and 12 m depth above the NDP (Fig. 1) . The sampling interval of the loggers was 10 s and the temperature resolution and accuracy are ±5 9 10 -5 and ±2 9 10 -3°C , respectively. Temperature recording stopped on October 21 due to battery depletion.
Plankton samples were collected at six particular days throughout the NDP deployment period (August 23 and 30, September 6 and 19, October 4 and 18) in central Lake Ü berlingen, a 140 m deep side-basin of Lake Constance. Crustacean zooplankton was sampled with a Clarke-Bumpus Sampler (mesh size 140 lm) by vertical hauls from 140 m depth. During routine measurements seven taxa were identified: Daphnia hyalina, Daphnia galeata, Bosmina sp., Eudiaptomus gracilis, cyclopoid copepods, Leptodora kindtii, and Bythotrephes longimanus (Straile & Geller, 1998) . The distance between the zooplankton sampling site and the NDP deployment site in the littoral zone is about 10 km.
Data analysis
The echo intensity received from the 64 depth cells along the three beams was corrected for rangedependent losses of acoustic power due to absorption in water and beam spreading following Lorke et al. (2004) . Although the instrument was not calibrated to provide correct absolute values of the resulting backscatter strength S m (in units of dB), the magnitude of relative changes in S m is comparable to the calibrated output of scientific echo sounders.
Analysis of the resulting backscatter strength in terms of zooplankton concentrations and fish counts requires complementary techniques. Whereas individual fish creates distinct and strong echoes, zooplankton concentration is related to the volume backscattering strength forming the background signal. The presence of dense shoals of relatively small fishes and varying zooplankton concentrations, causing variations in the background levels of the backscatter strength, however, make the discrimination between the background signal and individual spikes more difficult and require some kind of temporal averaging.
As illustrated in Fig. 2 , we were using a threshold value S th of the backscatter strength and estimated fish counts F NDP for each profile and for each of the three individual beams by setting F NDP = 1 whenever S th was exceeded and F NDP = 0 if not. S th is not fixed, but is relative to the varying background level S zoo of the backscatter strength (S th = S zoo + 20 dB). S zoo was estimated as the minimum backscatter strength observed at a particular depth during an averaging period of 1 h. The motivation for this approach is that there was at least one profile within the averaging period where no fish was present in the respective depth cell. Fish counts F NDP are averaged over the three beams and the 1 h averaging period. Hence, 0 F NDP 1 and its magnitude can be considered as the probability that there were fishes within the sampling volume represented by the respective depth cells. A value of F NDP = 1 indicates that there were always fishes present within the averaging period. The quantitative interpretation of F NDP in terms of total abundance of fishes, however, is limited because we did not account for the magnitude of the backscatter spikes (fish echoes), which could be related to the presence of multiple fishes in the sampling volume. Throughout this study, we rather use F NDP as a qualitative indicator for the presence of fish. The minimum backscatter strength in each hourly time segment, S zoo , is considered as a qualitative estimate of the zooplankton concentration C, with C$10 S zoo =10 (S zoo in units of dB, Lorke et al., 2004) . By estimating S zoo as the minimum rather than the mean backscatter strength observed within the averaging period, we avoided a bias of the zooplankton concentration by frequent fish echoes. Changing concentrations of suspended sediments bias the zooplankton estimate S zoo , but do not affect the fish counts F NDP .
Results
The temperature dynamics, exemplified in Fig. 3a by the temperatures measured at 8 m and 4 m depth, is mainly characterized by a strong wind event on September 18, 2005 with wind speeds of up to 12 m s -1 . Before this wind event, both thermistors were within the seasonal thermocline and showed strong temperature fluctuations of up to 10°C on time scales of minutes to hours, which were caused by internal waves (Lorke et al., 2006) . Wind-induced mixing resulted in a deepening of the surface mixed layer, such that the thermocline was below the depth of measurement. As a consequence of the thermocline displacement, internal waves could not affect temperatures at the measuring depth after the wind event and amplitudes and frequencies of the temperature fluctuations were significantly reduced. This feature is even more pronounced in the standard deviation of the temperature estimated for the 1 h averaging period (Fig. 3b) .
Complete time series of the estimated relative fish counts F NDP and acoustically determined zooplankton concentrations S zoo are shown in Fig. 3c and d , respectively. Similar to temperature, both estimates change their dynamics after the wind event. The high values observed during the actual storm are not considered here because they are most probably related to large concentrations of drifting material and entrained air bubbles. Fish counts were well below 0.5 before September 18 but showed a pronounced diurnal pattern, whereby fishes could only be observed during daytime and no fish was present during the night. After the storm, the diurnal rhythm persisted, but relative fish counts increased gradually to maximum daytime values of F NDP & 0.8 at the beginning of October. Afterwards, the relative fish counts decreased again until October 26 and no fish was observed after that date.
A detailed view of the diurnal dynamics of F NDP is provided by Fig. 4 . Note that the fish counts shown in Fig. 3c and 4 are depth-averaged. Hourly averages for individual depth cells can be as high as F NDP & 0.99, indicating that fish were almost permanently present within those respective depth cells. The vertical distribution of fish is exemplified in Fig. 5c and 5d for time periods before and after the wind event. Fish counts were slightly increasing with decreasing depth before and were more homogeneously distributed after the storm. The diurnal pattern, however, was present at all times and at all resolved depths. Fig. 5a and c further exemplify a time period of enhanced internal wave activity with a rapid increase in mean temperature and strong temperature fluctuations with amplitudes of up to 9°C on time scales of minutes, whereas temperature was nearly constant during the second time period shown in Fig 5b and d . Acoustically determined relative zooplankton concentrations were more or less constant before the wind event and did not show a pronounced diurnal pattern (Fig. 3c) . After the wind event, the zooplankton concentration decreased gradually with time and, following September 29, started to show a diurnal migration pattern with high concentrations during night and low concentrations during daytime. The temporal migration pattern is hence reversed with respect to the diurnal pattern observed in the relative fish counts (Fig. 6) .
Sampled zooplankton densities of the dominant crustacean species D. hyalina and D. galeata at the pelagic station are shown in Fig. 3e . The absolute and relative abundance of both species was more or less constant before the wind event, whereas the abundance of D. hyalina was about one order of magnitude higher than that of D. galeata. On the two sampling dates after the storm, the density of D. hyalina has increased by more than a factor of three and the density of D. galeata has strongly declined. S zoo (dB) Fig. 6 Time series of the depth-averaged relative fish abundance F NDP (solid line) and of the depth-averaged relative zooplankton abundance S zoo (dashed line). Relative zooplankton abundance was estimated from the minimum backscatter profiles observed during the respective averaging period. The grey bars encompass the time period from dusk till dawn (local sunset and sun rise times). Note that the relative zooplankton estimate is given in logarithmic units, i.e., the observed increase of relative abundance of 10 corresponds to a concentration change of one order of magnitude
Discussion
The zooplankton community in Lake Constance during the time period of investigation (AugustNovember) is, in terms of biomass, dominated by Daphnia (Straile & Geller, 1998) . Correlation analysis of acoustic backscatter at 600 kHz and zooplankton abundance estimated from net hauls during former studies at Lake Constance revealed that the backscatter signal is predominantly determined by the abundance of Daphnia (Wolf et al., 2005) . Two different species of Daphnia were observed in the lake-D. hyalina and D. galeata (Geller, 1986 ). D. hyalina shows a pronounced diel vertical migration between May and November, whereas D. galeata remains near the surface (Stich & Lampert, 1981; Einsle, 1988) . Although during fall the abundance of the nonmigrating D. galeata is usually lower than that of D. hyalina in the pelagic zone (Fig. 3e) , the latter migrating species has to overcome the horizontal distance of about 500 m between the study site in the littoral and the contour line marking a depth of 50 m, below which they stay during daytime. Although zooplankton data are available only from a pelagic sampling site relatively far away from our littoral sampling site, they will be used for a qualitative discussion of our observations. The acoustically observed relative zooplankton concentration S zoo shown in Fig. 3d can be related to the dynamics of both Daphnia species. S zoo remained more or less constant until the wind event and the backscatter signal was dominated by D. galeta. If migrating D. hyalina were present during the night, they added only a small amount to S zoo because it represents a logarithmic measure of the zooplankton concentration. After the wind event, however, the abundance of D. galeata and hence S zoo decreased gradually and the nighttime contribution of D. hyalina to S zoo became more pronounced, leading to a clear diurnal pattern in S zoo . A second maximum of the abundance of D. hyalina in October was also observed during other studies at Lake Constance (Wang & Eckmann, 1994) . The detailed view of the diurnal pattern of S zoo provided by Fig. 6 shows a gradual increase over night and a rapid decrease before dawn. This sawtooth like dynamics can be explained by the vertical migration of D. hyalina from depths below 50 m and a relatively slow horizontal transport from the pelagic into the littoral zone. Whether this horizontal movement is caused by active swimming or by passive advection and dispersion of the zooplankton distribution remains unclear.
The fish community at the same artificial reef was studied in 2004 by scuba divers and by underwater stereo photography (A. Weber, unpublished data) . This study revealed that the artificial reef is mainly inhabited by two different species: whereas the juvenile ruffe can be found deep within the brushwood, juvenile (0+) perch aggregate in dense shoals above and around the artificial reef, indicating that our observed relative fish counts F NDP are predominantly related to the latter species. The observations in 2004 showed a dramatic increase in perch abundance during September and October with maximum fish densities of more than 250 m -3 . In excellent accordance with these findings from optical observation, F NDP increased substantially during the same months (cf. Fig. 3) . A similar increase in the abundance of perch in fall was also described by Wang and Eckmann (1994) as well as by Imbrock et al. (1996) , who studied the seasonal behavior of perch in Lake Constance in detail. According to both studies, juvenile perch spend the summer within macrophyte patches in the shallow littoral zone, which provide not only food resources but also shelter and shade. With progressing senescence of the macrophytes in autumn, the fishes are moving toward the deeper littoral zone, where they form dense shoals, preferably in close proximity to complex underwater structures like ports or, as in our case, artificial reefs. During that time period, they perform a pronounced diel activity pattern, whereby they stay within the upper part of the water column during daytime and spend the darkness resting close to the bottom. During October the fishes are moving out of the littoral into the profundal zone where they spend the winter (Imbrock et al., 1996) . The complete behavioral cycle is evident in the time series of F NDP shown in Fig. 3 and 4 , whereas the diurnal pattern in F NDP can be explained by vertical migration of the fish to depths below the measurement range of our instrument which did not cover the bottom 2.5 m above the sediment. Wang and Eckmann (1994) and Imbrock et al. (1996) observed that the migration of perch from the shallow to the deeper littoral zone was associated with strong wind events. The authors assumed that the actual trigger of this migration was a drop in water temperature following the wind event. Our data, however, do not really show such a temperature drop after the wind event, but rather suggest that temperature variance is an important factor associated with the increase of fish abundance F NDP at our measuring site. The increase in F NDP is assumed to result from perch that migrate from the shallow littoral zone to our measuring site in the deep littoral. Strong temperature variance on rather short time scales (minutes to hours), however, seems not to affect the distribution or behavior of the fishes (Fig. 5) .
The most interesting aspect of our observations is the simultaneous observation of the dynamics of zooplankton and fish abundance in relation to environmental factors. The wind event on September 18 led to a deepening of the surface mixed layer and to a significant reduction of temperature variance between 3 and 10 m depth. Following this wind event, dense shoals of juvenile perch could be observed at the study site in the deep littoral zone and the littoral zooplankton concentration, which at this time was dominated by nonmigrating D. galeata, started to decrease gradually. It can be expected that this decrease in zooplankton concentration is, at least partially, related to the presence of dense shoals of perch. With decreasing concentrations of D. galeata, the zooplankton population becomes increasingly dominated by D. hyalina, who perform a diel vertical migration and who can reach the study site by active or passive horizontal movement only. As a consequence, the zooplankton concentration at the study site is high only during the night when perch is inactive (perch is a visually-oriented predator; Schleuter and Eckmann (2006) have demonstrated in laboratory experiments that feeding success of perch is reduced significantly during darkness). Thus, as illustrated in Fig. 6 , we observed an opposing diurnal activity pattern of predator and prey, which significantly constrains feeding of juvenile perch on D. hyalina to the hours around sunset and sunrise, respectively. The potential food limitation of perch eventually triggered their migration from the littoral into the profundal zone, where they stay over winter.
